100 fs pulses are generated in passively mode-locked erbium fiber lasers with small negative group-velocity dispersion. The pulses are obtained at a pump power significantly higher than the mode-locking threshold. An optimization of fiber lengths leads to the elimination of pedestal formation and the generation of stable pulse trains with high contrast ratios.
Passively mode-locked Er liber lasers are an attractive candidate for the generation of subpicosecond pulses at the telecommunications wavelength of 1.55 prn.la However, despite these intense experimental efforts, passively modelocked Er fiber lasers are still suffering from a number of limitations. The optical confinement of subpicosecond pulses over the long fiber lengths typically employed in Er fiber lasers ( > 10 m) l-5 creates a highly nonlinear environment. This, in turn, leads to highly unstable pulse generation and a limited pulse quality. Recently, the stable operating range of Er fiber lasers was increased by using short fiber lengths in a dispersion-compensated cavity.6 Nevertheless, the potential pulse-width limit of 60 fs set by the erbium gain bandwidth6 has not yet been approached.
Here we demonstrate formation of stable femtosecond pulse trains in Er fiber oscillators for the first time without resorting to dispersion compensation. By using nonlinear polarization evolution in erbium fibers with intrinsic negative group-velocity dispersion (GVD), soliton shaping is obtained directly in the gain medium. By an optimization of fiber length, pump power and output coupling stable pulses are generated over a large range of fiber dispersion. We demonstrate how pedestal formation is reduced with decreasing fiber lengths and obtain pulses with contrast ratios > 2 X lo5 in fiber lengths shorter than 1 m. Pulse start-up is simplified by resorting to a moving mirror technique. The oscillator generates stable pulses as short as 100 fs with energies up to 14 pJ.
For our experiments we fabricated three silica preforms doped with -5X 10i8, 1.5~ 1018, and 4X 10" erbium ions/cm3, which allowed us to investigate pulse formation in fiber lengths varying from 0.8 to 20 m. The preforms were designed to allow the drawing of near-zerodispersion fibers by appropriate selection of the core diameter. The cavity set-up is shown in Fig. 1 , where passive mode locking was initiated by manually translating the output coupler and sustained by nonlinear polarization evolution.' A bulk AR-coated prism polarizer and adjustable fiber loops were employed to control the polarization state inside the fiber and to enable passive amplitude modulation. The launch end of the fiber was butt coupled to a mirror, totally reflecting at 1.55 pm. The free fiber end was cleaved at an angle of z 15" to reduce back reflections. The intracavity collimating mirror had a radius curvature of 50 mm. The fiber was pumped with the 528 nm line from an " 'Also at Ultrafast Science Laboratory, University of Michigan, Ann Arbor, MI 481092099.
argon laser with a maximum of 500 mW of launched power which produced a maximum cw output power of 50 mW with a 50% output coupler. The minimum pulse widths as a function of fiber dispersion obtained in a 90-cm length of fiber are shown in Fig. 2 , where we estimate an uncertainty of h4000 fs'/m for the absolute value of dispersion and only approximately bandwidth-limited pulse forms are displayed. As the negative GVD decreases, the pulses shorten from 160 to 100 fs. The minimum pulse widths are almost a factor of 2 smaller than those previously obtained in dispersioncompensated Er fiber laser cavities.6 This may be attributed to the increased discreteness of dispersioncompensated cavities, i.e., in highly nonlinear oscillators the shortest possible pulse solutions occur when negative GVD and self-phase modulation are evenly distributed along the cavity.8
In fibers with decreasing negative GVD, it was increasingly difficult to initiate pulse formation; for fibers with positive GVD, pulse formation was not observed [unless bulk dispersion compensation was employed6). A similar behavior was previously observed in dispersioncompensated bulk Nd:glass lasers and attributed to passive phase modulation effects, i.e., modulational instability, which supports the buildup of pulses' for negative GVD cavities. On the other hand, in fibers with increasing negative GVD, the pulse stability improved with increased output coupling. For fibers with a GVD more negative than -7000 fs2/m, a minimum output coupling of 50% was required to sustain stable pulses, whereas for fibers with a GVD less negative than -7000 fs2/m, an output coupling of 20% provided the best stability. Clearly, removing excess bandwidth from the laser increases the pulse stability. As the pulses become longer in fibers with increasing negative GVD, an increase in output coupling is sufficient to provide this bandwidth limitation. The pulse repetition rate was 80 MHz, equal to the cavity round-trip time. The output pulse energy decreased slowly with decreasing pulse width; typical output energies were 25 and 14 pJ for 160 and 100 fs pulses, respectively. The corresponding intracavity pulse energies are then calculated as 50 and 70 pJ, which (assuming core diameters of 5.5 and 4.5 pm) leads to a round-trip nonlinear phase delay of 1.0 and 3.3 rS respectively. From the fiber dispersion and the intracavity pulse energy, the related soliton pulse widths" in the cavity are calculated as 170 and 25 fs for the two cases. Hence the actual pulses approach well-defined solitons only as the GVD becomes highly negative. A similar observation was recently also made in Nd fiber lasers."
By optimum polarization adjustment, contrast ratios > 2~ lo5 could always be obtained in these short fiber lengths, demonstrating that most of the laser energy was in the pulses. However, as the fiber length was increased an increasing pedestal component was generated, which is due to the related increase in the number of soliton periods per roundtrip." This was particularly obvious for the 100 fs pulses obtained in near-zero-GVD fibers. Examples of autocorrelation traces and the corresponding pulse spectra obtained in near-zero-GVD fibers of 0.84, 2.00, and 10.0 m lengths are shown in Figs. 3 and 4 . In fibers longer than 5 m, the pulses resembled the broad-bandwidth "square" pulses observed by other groups5 with most of the pulse energy contained in a pedestal that extended up to a width of 400 ps. The pedestal in the 2 m fiber has only a FWHM width of 5 ps, whereas the pedestal completely disappeared in the 0.84 m fiber length. The cw component in the spectrum of the 0.84 m fiber contained about 10% of the laser energy and arises because in short fiber lengths lasing on the 1.53 ,um Er transition is favored.6 The cw component could be completely eliminated by a small increase in fiber length. The spectra are free of the sidebandst2*13 which typically occur in highly nonlinear cavities, i.e., when the soliton period is less than or comparable to the cavity length (as is the case here). The reason is that in lowdispersion fibers, the spectral sidebands lie outside the gain band of Er. When the negative GVD is increased, the spec- tral sidebands move into the gain band13 and can be amplified. As an example, the insert in Fig. 4 shows the spectrum of a 170 fs pulse obtained in a fiber length L of 90 cm with a dispersion of -13 000 fs2/m. Here Raman gain also leads to an additional amplification of the sidebands on the long-wavelength side of the spectrum. The offset of the first spectral sidelobe may be calculated as13 Ijv= (1/27rr) x &1+4&/L), h w ere Z, is the soliton period and r is the soliton pulse width. We thus obtain a/2=26 nm, which compares well to the 22 nm observed in the insert in Fig. 4 .
The mode-locking threshold (MLT) was typically one order of magnitude higher than the laser threshold. When increasing the pump power up to a few tens of a percent beyond the MLT, the pulse width initially decreased before settling at a certain fixed value. After this point the pulse energy also remained approximately fixed and any increase in pump power led to the shedding of excess laser energy into a cw background or satellite pulses. However, when providing a pump power of approximately twice the MLT, the sudden onset of additional pulse shortening was observed and stable mode locking was again obtained at the cavity round-trip time.415 This effect was most distinct for fiber lengths > 1 m, where, however, the pulses in the second mode-locking regime were always accompanied by very large pedestals. We believe the explanation may be related to the nonuniform line-shape function of Er, which limits the pulse widths to ~200 fs for low pump powers. For fibers shorter than 1 m, high pump powers led to distinct additional pulse shortening (by a factor of 2) only for near-zero GVD fibers. For these fibers a launched pump power of 400 mW was required to sustain =: 100 fs pulses, whereas 200 mW pump power was sufficient to sustain -200 fs pulses. The laser exhibited only a small mode-locking hysteresis,415 i.e., the pump power necessary to start mode locking was about 20%-30% higher than required to sustain it. A remaining difficulty in the present cavity is a slow drift in the polarization state of the fiber, which limits long-term stability.
In conclusion we have demonstrated direct 100 fs pulse generation with an Er fiber laser for the first time. By an optimization of fiber Iengths and output coupling, stable mode-locking operation was obtained over a large range of fiber dispersion. The cavity is an attractive alternative to previous designs and should find widespread applications as a source of pulses shorter than 300 fs.
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